Abstract: This paper is about control of Automated Guided Vehicle for path following using fuzzy logic controller. The Automated Guided Vehicle is a tricycle wheeled mobile robot with three wheels, two fixed passive wheels and one steering driving wheel. First, kinematic and dynamic modeling for Automated Guided Vehicle is presented. Second, a controller that integrates two control loops, kinematic control loop and dynamic control loop, is designed for Automated Guided Vehicle to follow an unknown path. The kinematic control loop based on Fuzzy logic framework and the dynamic control loop based on two PID controllers are proposed. Simulation and experimental results are presented to show the effectiveness of the proposed controllers.
Introduction
Automated Guided Vehicle (AGV) is a transportation vehicle automatically traveling on unknown path traced in working environment. AGV is most often used to deliver materials around a manufacturing facility or a warehouse. With lots advantages such as reduction in the number of worker, improvement of productivity and quality, improvement of working environment and safety, less damage on transporting goods, real-time control of material flow and improved management on product, AGV has become more and more popular and useful in modern industrial production.
Control of AGV for path following has received a great of interest to many researchers because of its nonlinear characteristics caused by nonholonomic constraints of the wheels. Most controllers are designed based on nonlinear techniques [1]- [4] including the backstepping approach, the sliding mode control, the Lyapunov function approach, the dynamic feedback linearization technique, etc.. Designing controllers using these approaches is rather complex. Furthermore, it requires some detailed information related to system parameters, working environment and complete knowledge of the dynamics that are usually infeasible in practical. From the above reasons, the purpose of this paper is as follows: First, kinematic and dynamic modeling using the well known Lagrange equation of the AGV is presented.
Second, a hybrid controller that integrates two control loops, kinematic control loop and dynamic control loop, is designed for AGV to follow an unknown path. The kinematic control loop is based on fuzzy logic framework and the dynamic control loop is based on two PID controllers. The posture vector of the tracking point  on the AGV is specified as follows:
System Modeling
where are global coordinate of tracking point and  is the heading angle of the AGV. Velocity control vector at the tracking point  is defined as follows:
where  and  are linear velocity and angular velocity at the tracking point .
The posture vector for total AGV is specified as follows:
where           . Because the AGV is driven by steering driving wheel, kinematic control vector   is defined as follows:
where  denotes   
Kinematic modeling
The contact between the wheels and the ground is supposed to satisfy the pure rolling without slipping condition. This means that the velocity of the contact point is equal to zero and implies that the components of this velocity parallel and orthogonal to the plane of the wheel are equal to zero. With this description, two following constraints are reduced from three wheels of AGV. Along the wheel plane (pure rolling condition):
where
Orthogonal to the wheel plane (no slipping condition):
It is easy to check that     . Therefore, the two last components of Equation (7) are equivalent. Without loss of generality, by removing one of two equivalent constraints,   becomes:
The corresponding constraint for no slipping condition Equation (7) is rewritten into:
From Equation (6) and Equation (8), the following constraint equation is obtained.
where  is the  ×  constraint matrix.
The constraint Equation ( 
From Equation (6) and Equation (11), the following equation is obtained.
From Equation (5), Equation (11) and Equation (12), the configuration kinematic model is given as follows:
From Equation (3) and Equation (11), the velocity control vector at the tracking point ,  is given by:
From Equation (14), the kinematic control vector   can be achieved form  as follows:
Dynamic Modeling
The potential energy is zero since it is assumed that the AGV is moving on a horizontal plane. The friction energy is ignored. Thus, the total kinetic energy of the AGV is given by From Equation (13) and Equation (18), the final system equations are given as follows:
Measurement of Tracking Errors using
Camera Sensor Form Figure 3 , the tracking errors can be obtained as follows:
Images captured from web camera are processed by using 
Controller Design
To control the AGV for path following, a control algorithm is designed as in 
PID controller Design
The dynamic control loop includes two PID controllers in Figure 8 . The first one is used for tracking the desired steering angle,   .
The second one is used for tracking the desired rotation angular velocity of steering wheel,   .
A PID controller 1 is designed based on steering angle error of the steering wheel as follows:
where      and   are the coefficients of the PID controller 1.
A PID controller 2 is designed based on rotational angular velocity error as follows:
where      and   are the coefficients of the PID controller 2. 
Simulation and Experimental Results
To verify the effectiveness of the proposed controllers, simulations and experiments have been done for the AGV to follow an unknown path. In the simulation, the initial values and the numerical parameter values are given in Table 2 and Table 3 .
The reference path has five segments with three straight line segments and two curved line segments. The radius of the first curve is 6 m and the radius of the second curve is 4 m. Hybrid control of a tricycle wheeled AGV for path following using advanced fuzzy-PID 
